This paper presents a comparison of a high-temperature heat pump and an organic Rankine cycle (ORC) plant for the recovery of low-grade waste heat for a UK inorganic chemicals case study. Superficially, the two technologies appear equally suitable for use here; therefore, both technologies are modelled in order to provide data for a comparison in terms of expected technical and economic performance. Both technologies are proven to be feasible in this case study, with the heat pump helping to significantly reduce the natural gas requirement of the plant and the ORC producing a significant net output of electricity. This leads to each technology being attractive from the economic and environmental viewpoints. However, the proposed ORC achieves greater potential greenhouse gas reductions (499 tCO 2 eq/year as opposed to 401 tCO 2 eq/year) and greater potential cost savings (£69 000/year as opposed to £37 800/year). Therefore, the ORC machine is shown to be the preferred technology in this case. A sensitivity analysis based on continuation of the utility cost trends is performed and shows that the ORC plant would gain in profitability in future years whereas the potential profit of the heat pump system would diminish to almost zero by 2020. Such results suggest that ORCs may be further utilised in future years whilst the use of heat pumps may decline.
INTRODUCTION
Reducing energy consumption is becoming an increasingly important issue in UK industry for two key reasons. Firstly, the ever-increasing cost of electricity and fossil fuel resources provides a growing monetary incentive for change. Secondly, the stringent, self-imposed government legislation outlined in [1] provides a legal obligation to reduce greenhouse gas emissions (of which the process industries account for 25%) according to ambitious goals.
Given the ever-rising UK population, the demand for industrial produce is unlikely to decrease. Therefore, the emphasis is on reducing industrial energy consumption by increasing energy efficiency. A key way of achieving this is recovering heat from waste streams, which emit an estimated 11.4TWh of heat per year in the UK [2] .
A number of technologies are available for the recovery of waste heat ranging from simple heat transfer between heat source and sink to more novel technologies such as vapour compression heat pumps (to provide a temperature lift), absorption heat pumps (to generate cool) and organic Rankine cycles (ORCs) (to generate electricity); for example Chan et al. [3] and Law et al. [4] suggest that the cheapest and most economical method for recovering waste heat is to use a simple heat exchanger. If a matching heat sink is not available in the correct temperature range, one should then consider the more novel methods of waste heat recovery according to the requirements of the individual case study.
In the UK, heat pumps and ORC machines have not been widely implemented for low-grade waste heat recovery. Reported cases of each technology are rare, particularly in the case of ORCs for which there is only one reported use of this technology throughout UK industry [5] . Sinclair [6] , cites the perceived high risk of investment and uncertainty as potential reasons for the lack of heat pump installations while ORCs still remain a largely unknown technology to many engineers. Therefore, lack of awareness to the benefits of such technologies is seen as a major barrier in the implementation of novel waste heat recovery technologies in UK industry. This paper investigates the utilisation of both a hightemperature heat pump and an ORC for the recovery of waste heat in a UK chemicals processing plant. Both technologies appear equally suitable for waste heat recovery in this case (as explained later), and each is modelled to allow a comparison in terms of expected technical, economic and environmental performance. This allows a recommendation to be made as to the best direction for waste heat recovery for this particular case study and may also be advisory to other plants in a similar situation. Hence, it is hoped that this paper and similar published work in this field will help to highlight the potential benefits of novel waste heat recovery technologies and increase their utilisation in the UK process industries.
THE CASE STUDY
Data have been provided by a large UK inorganic chemicals site. The plant operates a large-scale continuous process, 24 h per day, to produce a solid powder product. A comprehensive energy audit revealed various heat sources available for recovery. The primary waste heat source available for recovery is the exhaust of a large dryer unit with a mean dew point temperature of 908C (see Table 1 ). This stream is composed of moist air with a small percentage of solid particles. Note that the particles are ignored in the analysis presented as they do not affect the potential heating duty of the source: the particles would only be later considered during detailed heat exchanger design.
The plant has previously been subject to heat integration (via pinch technology), and as a result the energy audit revealed no matching heat sinks, which may utilise this waste heat using a conventional heat exchanger (note: the dryer inlet air is currently pre-heated by a high-temperature waste stream from an upstream process unit). However, the site does have a large electricity demand and a demand for low-pressure steam ( 2.20 bar) to provide heating elsewhere on site. This suggests that both a high-temperature heat pump and an ORC are suitable for recovery of this waste heat.
Other technologies were considered for the case study including absorption and adsorption chillers. However, the plant has no requirement for refrigeration and as a result these technologies were not further investigated.
The data in Table 1 reveal a potential maximum heating duty of 1450 kW assuming an ambient/target temperature of 68C: equal to the available heat sink/cooling water temperature. This consists of 1003 kW of latent heat in the water vapour and 447 kW of sensible heat from cooling the air. Total operating time for the plant is 8000 h/year, allowing for 31 days down-time per year.
METHODOLOGY

Selection of high temperature working fluid
Various high-temperature working fluids have been suggested for use in heat pumps and ORCs in previous literature. In this study, only fluids presented in [7] are suggested for use as they are deemed the most suitable with practical application in mind. Table 2 is a summary of suggested fluids.
Ammonia and R152a were immediately discarded from further analysis due to being wet fluids. Wet fluids are generally not acceptable in ORCs for waste heat recovery as this property leads to wet vapour in the turbine outlet. This can only be avoided by introducing large levels of superheat, which is not feasible when dealing with finite amounts of low-grade waste heat.
R134a and R600a are discarded on the basis of the critical temperatures being too low to produce steam at 1258C at the condenser end of the heat pump cycle: this would require a minimum vapour temperature of 1298C, which is above the critical point in the case of R134a and in too close a proximity to the critical point of R600. In practical application, one would not operate so close the critical point due to possible deviation from the design point of the cycle. Table 2 . Heat source data [7] .
ODP GWP (100 y) Note, ASHRAE safety codes: A denotes 'no evidence of toxicity at levels less than or equal to 400 ppm by volume' and B denotes 'evidence of toxicity at levels less than or equal to 400 ppm by volume'. Class 1 denotes 'no flame propagation in air under ambient conditions' , Class 2 denotes 'lower flammability', and ClassTherefore, the most suitable working fluids are R600 and R245fa. Both fluids are isentropic in nature, which makes the fluids equally suitable for use in compression (i.e. heat pump cycle) and expansion (i.e. ORC cycle). However, R245fa is chosen for this analysis due to the high flammability of R600. Such a fluid would require increased health and safety measures if either of the solutions was to be implemented, whereas the higher toxicity of R245fa is less of a problem in reality (for example, ammonia has been used in refrigeration systems for many years and this is of the same toxicity classification).
The heightened concern surrounding hydrocarbon working fluids such as R600 has led to R245fa becoming the standard hightemperature working fluid in such studies, for example [8] and [9] .
Heat pump/ORC modelling
Both technologies are modelled according to Figures 1 and 2 . The REFPROP [10] (Reference Fluid Thermodynamic and Transport Properties, by NIST) fluid package and the Aspen Plus [11] software suite were used to rapidly generate cycle results.
The heat pump model consists of the four basic components of a heat pump system: the waste heat evaporator, compressor, condenser and expansion valve. However, in this study an extra heat exchanger (labelled 'recuperator') is used to recover further waste heat from the heat source. This set-up allows the maximum temperature/pressure of the working fluid to be achieved in the evaporator whilst still recovering the majority of the waste heat. A standard recuperative ORC configuration is chosen for this model consisting of a pre-heater/evaporator, turbine, recuperator, condenser and pump. The recuperative configuration is designed to recover waste heat from within the cycle itself and therefore minimises unnecessary heat losses in the condenser. This in turn allows for a greater thermal efficiency of the cycle, which is crucial when using a limited heat source such as process waste heat. Table 3 summarises the assumptions used in both models. Table 4 summarises the model results, whilst the temperature profiles of the various heat exchangers from each model are shown in Figures 3 -8 .
RESULTS AND DISCUSSION
Technical performance
Both waste heat recovery options show good technical performance with the heat pump producing 1620 kg/h (derived from result of 0.450 kg/s) of low pressure (LP) steam in the correct pressure range, which would help to significantly reduce the current demand of the plant. The ORC plant produces a net power output of 119 kW, all of which would be consumed on site, helping to significantly reduce the amount of grid electricity the plant must purchase.
The heat pump achieves a competitive coefficient of performance (COP) (defined as the ratio of the total useful heat delivered from the condenser and recuperator, to the power input to drive the compressor) of 3.24 which, crucially, will allow the heat pump to be profitable while the ORC achieves a thermal efficiency of 12.8% which is in the standard range for heat sources of this temperature.
The ORC performs slightly better than the heat pump system in terms of the amount of heat recovered from the waste heat source 933 kW (64.4%) rather than 838 kW (57.8%), meaning the ORC would be preferred from this aspect. However, this difference would be insignificant in terms of which technology would be selected for use. The major factors in this decision lie in the following section.
Economic and environmental analysis
The economic and environmental performance of the two technologies is evaluated in terms of the potential running cost and emissions reductions predicted by the models. Table 5 displays the associated costs [12] and emissions [13] of electricity and gas in the UK. The cost savings associated with the ORC are solely linked to the electricity generation, and it is assumed that the plant will consume all of the generated electricity onsite. Therefore, the savings are equal to the equivalent cost of purchasing the same amount of electricity. The emissions savings are calculated by comparing the emissions associated with the consumption of grid electricity and the carbon-free electricity generated by the ORC.
The savings associated with the heat pump are linked to both the gas and electricity prices. The condenser duty of the heat pump is used to raise steam, thus directly replacing a previous gas heating duty (which is assumed to be consumed in a boiler of 90% efficiency). Therefore, the savings are equal to the cost and emissions associated with the equivalent gas duty. However, in this case the savings are offset by the electricity consumed in the compressor drive. Table 6 shows that both technologies are profitable and have the potential to reduce greenhouse gas emissions in line with the UK Climate Change Act. However, the ORC outperforms the heat pump in both criteria.
The ORC has the potential to reduce annual associated greenhouse gas emissions by 499 tCO 2 eq as opposed to 401 tCO 2 eq for the heat pump, a significant difference of around 125%. The ORC also has the potential to reduce utility bills by £69 000 per year as opposed to £37 800, a significant difference of around 180%. Table 7 (note capital cost converted to Great British Pounds (£) using the 2008 exchange rate, which was £1 ¼ US$1.60).
The data in Table 5 show that, statistically, the capital costs of the two proposed projects are equal as the mean value of the heat pump falls within the upper and lower values of the ORC. At this stage, it would be impossible to more accurately evaluate the expected capital cost and therefore the safest conclusion is that they are statistically equal.
Maintenance cost estimations are also difficult to quantitatively predict without detailed conversations with potential suppliers. However, from a qualitative point of view, it is reasonable to say that the maintenance costs of the two technologies would be around the same as both technologies contain very similar components: similar heat exchangers, a turbine/compressor and various valves/pumps. At this stage, it is therefore concluded that maintenance costs are equal.
Therefore, the economic assessment of the two technologies may be solely based on the expected cost savings due to reductions in usage of gas/electricity due to use of the technologies. This means that, from an economic point of view, the ORC would be the recommended technology for this case study as larger cost savings are expected. Furthermore, the cost savings for the ORC would be expected to increase in future years while the heat pump cost savings may diminish.
SENSITIVITY ANALYSIS
Gas and electricity prices have been rising in the UK over the last two decades with a particularly sharp increase noted in the last 5-10 years. Electricity prices have risen at a faster rate than gas prices, and this is forecast to continue to be the case. This is because of the currently outdated nature of grid electricity generation in the UK: many coal-fired power stations are still used. This incurs large carbon-tax penalties, and large investment is required in order to revamp the grid. Meanwhile, gas prices may be lowered in the near-future due to the mining of shale-gas in the UK, which would reduce net imports. Therefore, the cost ratio between electricity and gas is expected to widen.
A sensitivity analysis is performed to quantify how the utility cost forecast may influence the economics (and overall selection) of heat pump and ORC projects for waste heat recovery, using this case study as a reference point. This is based on a continuation of the historical trend in gas/electricity prices from 2005 to 2012 [12] and does not include possible reduction in gas price due to shale-gas mining.
The forecast utility cost data in Figure 9 are used in Figure 10 to calculate the minimum COP a heat pump must achieve in order to be profitable in terms of reducing utility bills. The minimum COP is based on the assumption of using an electric motor-driven heat pump to replace a current gas heating duty and is calculated according to Equation 1.
where C represents cost; h, efficiency; h, heating; and elec, electricity. The data show that by 2020 the minimum heat pump COP required to generate a profit ranges from 2.5 to 3.5. This has implications on the maximum temperature lift a heat pump may achieve whilst still being profitable. Therefore, the feasibility of heat pump projects may diminish. The effect of the forecast utility costs on this project is shown in Figure 11 . Figure 11 shows that by 2020, the estimate cost savings of the heat pump project will have diminished to almost zero ( £3000/year) whilst the estimate cost savings of the ORC will have increased to around £110 000/year. This gives a huge difference in profitability of around £107 000. This significant difference would greatly influence the selection between these two technologies and may lead to heat pump projects being abandoned in years to come, if the energy costs predicted here are accurate. ORC projects, however, may prosper. It is hoped that data such as this will increase awareness to the advantages of ORCs and encourage the traditionally conservative UK process industry to embrace such projects. A sensitivity analysis for greenhouse gas reductions is inherently difficult to quantify due to the uncertainty surrounding the plans to decarbonise UK grid electricity. Original targets were to decarbonise the grid by 2030; however, such plans have been placed on hold due to the uncertain economic climate. However, if/when these plans start to take effect, the heat pump option for waste heat recovery would show improved results in terms of greenhouse gas reductions. The value for greenhouse reductions for the heat pump option would tend towards 1940 tCO 2 eq/year (the value for the gas savings alone) whilst the emissions saved by using the ORC would tend towards 0 although at this stage it is impossible to estimate a timescale for these changes.
CONCLUSIONS
A comparison of an ORC and heat pump for utilisation of 'waste' heat in a UK chemicals site has been performed via theoretical modelling. Standard cycles are chosen for both the heat pump and ORC, and standard working fluids employed (R245fa in both case).
The results show that both technologies perform well in terms of technical performance, economic benefits and environment benefits. Both technologies are capable of recovering a significant amount of waste heat, and both technologies show high efficiencies comparable to similar published case studies (heat pump COP of 3.24, ORC thermal efficiency of 12.8%).
The recommended technology in this case study would be the ORC as this shows greater performance from both an economic and environmental point of view. Economically, the ORC results show potential cost savings of £69 000/year as opposed to £37 800/year for the heat pump for statistically equal capital cost estimates. In terms of environmental performance, the ORC results show the potential to reduce greenhouse gas emissions by 499 tCO 2 eq/year as opposed to 401 tCO 2 eq/year for the heat pump.
A sensitivity analysis based on forecast utility cost trends shows that the ORC is expected to be far more profitable in future years, achieving cost savings in the region of £110 000/ year by the year 2020 whilst the heat pump profits would diminish to zero. However, if plans to decarbonise UK grid electricity come to fruition, the heat pump would gradually incur greater reductions in associated greenhouse gas emissions than the ORC.
